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The Understanding the Atom Series

Nuclear energy is playing a vital role in the life of every
man, woman, Jdnd child in the United States today. In the
years ahiead 1t will affect increasingly all the peoples of the
earth, 18 s essential that all Americans gain an understanding
of this vital furce if they are tu discharge thoughtfully their
responsibilities as aitizens and 1f they are to realize fully the
mynad benefits that nuclear energy offers them.

The United States Atomic Energy Commussion provides
this booklet to tielp you achieve such uncerstanding.

Gt [ Bdk

Edward J. Brunenkant, Director
Dvision of Technical Information

UNITED STATES ATOMIC ENERGY COMMISSION

Dr. Glenn T. Seaborg, Chairman
James T. Ramey

Wilfrid E. Johnson

Dr. Clarence E. Larson
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ABOUT THE COVER The cover
photograph shows the characteristic geo-
metric arrangement of the fuel core of
a power reactor, in this case the Ex-
perimental Boiling Water Reactor at
Argonne National Laboratory. It is a
view looking down mto the reactor ves-
sel with the vessel head removed. The
D glow, known as Cerenkov radiation, is
~ given olf by the irradiated fuel.
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atomic fuel

By John F. Hogerton

INTRODUCTION

If you lived next to a large coal-fired puv . lsnl, you
mght well wake up several mornings a wees © ..e sound
of a freight train rumbling 1n to deliver fuel. Certainly you
would be aware of a big supply operation, for such a plant
consumes several thousand tons of coal a day.

But if you lived next to an atomic power plant you prob-
ably wouldn’t even notice the arrival, every year or so, of
a few truck loads of atomic fuel.

The difference in the scale of supply operations reflects
the difference in energy content between conventional and
atomic fuels. One cubic foot of uramum has the same en-
ergy content as 1.7 million tons of coal, 7.2 million barrels
of oil, or 32 billion cubic feet of natural gas. In today’s
atomic power plants only a very small fraction of the po-
tential energy value of the fuel isextractedin a single cycle
of operation (see later discussion), but even so a truck load
of atomic fuel substitutes for many trainloads of coal.

Let’s make the same point in another way. A useful rule
of thumb to remember 1s that for every gram of atomic fuel
actually consumed (i.e., made to undergo nuclear fission),
approximately one ‘“megawatt-day”* of heat 1s released.

*A megawatt is 1000 kilowatts, To speak of a megawatt-day of
heat means that heat is generated at a rate of 1000 kilowatts over
a period of 24 hours.

ERIC ; 1
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When allowances are made for losses n convertmg the heat
to clectric power, this corresponds to an output of about
7000 kilowatt-hours ot eclectricity — enough to take care of
the average tamily's houschold needs for somethme hke
two vears, In a modern coal-tired power plant, seven-tenths
ot a pound of coal ts consumed per kilowatt-hour of elec-
trical output. It thus takes 7000 - 0,7 or 4900 pounds (2,5
tons) of coal to du the work that can be done with cach gram
of atomre fuel consumed,

Still another tllustration 1s the fact <hat our atomic-
powered submarimes are capable of erutsing several times
around the world on a single fuelloading, Even Jules Verne,
who had the tmagination to write Zo.000 Lcagues Undey He
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Sea® a century ago, did not foresee so concentrated an en-
ergy source,
To return to the atomic power plant in your neighborhood,
if you happened to get a ghimpse of some of the fuel as it
'as bewmg unloaded, what would you sec? You would see
something that mught surprise you, namely a number of
long and beautifully mude metallic objects called “fuel ele-
ments.” In this booklet we will find out why atomic fuel
takes this form, how 1t is produced, what 1t costs, and what
sort of energy rescive 1t represents. And m these pages
you will find the key to thie promise of atomic power,

WHAT ATOMIC FUEL IS

Fissionable and Fertile Materials

By atomic fuel' we mean, 1 this booklet, fuel for a nu-
clear reactor, for reactors are the means by which the
energy of nuclear fission 1s harnessed. |

Atomic fuel consists basically of a mixture of fissionable
and fertile materials. The essential imgredient 1s a fission-
able material, a material chat readily undergoes nuclear
fission when struck by neutrons, The only naturally avail-
able fissiouable material ts ramum-235, an 1sotope of ura-
nmum constituting less than 1'c (actually 0.71'/) of the ele-
ment as found 1n nature.

Almost all the rest (99.287) of the natural uranum ele-
ment 1s the uramum-238 1sotope, which 1s of interest to us
for a different but related reason. For when neutrons strike
uramum-238 a fissionable materal 1s generally formed,
namely plutomum-239. So, althoughnatural uramum actually
contains only a hittle fissionable matter, almost allof 1t can
be converted to fissionable matter.

* This novel, a forerunner ot today’s science hiction, deals with
the voyage of the Naulilus, a tuturistic eraft powered by electro-
chemical means. The atomic-powcered UsS Nawllus 1s its name-
sahe,

P This term may also apply to the heat souree 1 1s0lope gen-
ctators, or “nuclear batw ries” Here heat comes trom 1adioac-
e doeane See Powncr hom Radiorsotopes, @ compamon hooklet
i this series,

FFor Information on this subject see Nuclowr Roaclor s, a com-
pamon hooklet 1n this series.
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Because 1t has the property of being convertible to a fis-
sionable material, uramum-238 1s called a fertile material.
A second substance that has this property 1s the element
thorium. Its fissionable derivative 1s still another 1sotope
of uranium, uramum-233.*

Natural and Enriched Fuel

It 1s possible to achieve a self-sustaimng fission reac-
ticn with the natural muxture of uranium-235 and uramum-
238, so that natural uramum can be used as a reactor fuel.
But 1t 1s a marginally reactive fuel, and 1its use 1mposes
certain Iimtations on reactor design and operation. En-
riched fuel 1s often used to get around these himitations. By
enriched fuel 1s meant fuel having a higher fissionable con-
tent than that of natural uramum. Most commonly 1t 1S ura-
nium that has been put through an 1sotope separation proc-
ess; but 1t may also be uramum or thorium to which a
fissionable substance has been added.

One of the main advantages of enriched fuel 1s that it
gives the reactor designer greater latitude in selecting ma-
terials for use in the reactor system (coolant, moderator,
etc.). Another advantage 1s that higher fuel “burnup” can
be achieved—1.e., more energy can be extracted before
the fuel must be replaced. Still another 1s that the reactor
can be physically smaller,

Many of the reactors built in the UmtedStates for civilian
power purposes use shghtly enriched fuel (3 or 47 fission-
able content). In ship propulsion applications where space
1s at a premium and a very compactpower plant 1s desired,
highly enriched fuel (up to about 90C fissionable content)
may be used.t

Solid vs. Fluid Fuei

The physical form of the fuel 1s also important. Some
work 1s being done with fluid fuels—i.e., solutions, slur-
ries, or even molten fuel material—but, except for a few
experimental systems, today's power reactors emgloy sohd
fuel in metallic or ceramic form.

* For infor mation on atomic energy n general see Our Alunuc

World, a companion booklet 1n this seres.
iSee Naclear Poter and Mceschant Shippeng, a companion booklet
in this series.
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Fuel Utilization

Since uramum-235 1s the only naturally available fission-
able material, 1t 1s the root fuel for atone power genera~
tion. If there were an mfinite supply of 1t, we could afford
to neglect the much larger potential reservorr of energy
represented by the fertile materrals, uranium-238 and tho-
rium. But as 1t happens, our supply of uramum-235, while
large, will not last mdefrutely. Therefore, 1t will be es-
senttal m the long run to make the most efficient use pos-
stble of all our atomuc fuel resources, This will mean op-
erat:ng a network of reactors in such a way that, over a
pertod of time, our resources of fertile materials are ef-
ficiently converted to fissionable materials and these m
turn are efficiently converted to energy.

We will return to this complex subject m the final section
of this booklet, Now let us turn to something simpler,
namely the pattern of atomic fuel operations today.

THE ODYSSEY OF URANIUM

When an electric power plant wi-ch burns coal, o], or
gas 1s located far from the source of fuel, an ¢« enomuc
penalty m additional fuel transportation costs 1s mcurred,
One of the attractions of atomic power to an electric utility
company 1s that, thanks to the compactness of the fuel, lo-
cations for atomic power plants can be selected without i ¢-
gard to the distance from the fuel source,

About the only time dis-
tance 18 really important i
the life of atomic fuel 1s
when 1t 1s 1 the form of
ore. As muned, uraniumore
18 mostly rock so shippmg :
1t very far would be quite
costly. But, once the ura-
nmum has been separated
from the ore dross, 1t 1s “.‘..(uul barvel il does.”
ready to travel, and travel
it does. For example, material muned and milled n Utah
may be refined m Missour:, enrichedin Kentucky, converted

ERIC
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in Pennsylvania, fabricated i Calhiforma, used t¢ generate
power . Massachusetts, and reprocessed in New York!

What do these terms mean, and why are all these steps
necessary”? The best way to answer these questions is to
describe the operations involved.* We will do this in three
stages: (1) the production of uran.um, (2) the fabrication of
reactor fuel elements, and (3) the processing of spent fuel.
In fullowing the account you may want to refer from time to
time to the diagram on page 20. It will be our map.

You iuay be wondermg if radioactivity 1s much of a prob-
lem 1n the handling of atomic fuel and might like some 1n-
formatiwn on this point before we start our journey. Ura-
nium 1n 1ts natural state 1s miidly radioactive, but 1t does
not present a health hazard as long as proper ventilation
and clean working conditions are mantamed, This state-
ment holds true up until the time uramum s placed in a re-
actor. During irradiation it becomes contaminated with the
intensely radioactive products of the fission reaction and
must thereafter be heavily shielded until such time as these
contaminants have been safely removed.

PRODUCTION OF URANIUM

Large-scale uramum production facilities have been es-
tablished 1n the Umted States mainly to supply materials
for national defense purposes. The amount of uranium pres-
ently required for civilian atomic power generation repre-
sents but a small fraction of the total production; mmdeed it
1S estimated that another decade will pass before the re-
quirements of the puwer industry match our existing pro-
duction capability. ¥

Mining
In the beginmng the United States depended primarily on
foreign uramum supplies, but we have become the leading

*{o smmplify our story, we will onut reference to fuels contain-
ing plutomum-239 Hr uranium-.233 which are not yet in routine use,

Fihs statement relates only o uranium production steps (min-
ing, mulling, refimng, and envichment) and not to subscquent steps
10 the chain of atomie tuel supply — namely, the fabrication of fuel
elements and the processing of spent tuel (see later discussion).

6 < 4
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prodecer an the free world., accounting in 1962 for about
half of the total free-world production,

Practically all the deposats of commercial-grade uramue,
ore found in the Umted States to date are m the western
part of the countrv, The major producing areas are north-
western New Mexico, contral Wyonung, and the Colorado-
Utah border region. The uramum concentration in the ore
bemg mmed today ranges from as httle 4s 2 to as much as
20 pounds of L,O * per ton of ore. The average 1s 5 pounds
per ton. some of the deposits are shallow and mned by
optn-pit techmques, but the greater part of the ore being
produced today comes from underground mines.

*Itas the cestom to CAPYess Uiinium concentriaiion i raw mates
riads an terms of “blick onide** content. Black ostde 1= 4 muature
of uruum extde s totmal dted 1~ UGy Lo obtan the actual uramum
content, figures anven on this basts should be muttiplied by 0,83,

7
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The U. S. Atomic Energy Commussion catalyzed the
growth of the uramum mimng mdustry by conducting ex-
ploration programs* and offering production bonuses and
other 1ncentives which stimulated private exploration and
mine development activity. When the search for uranium
began i earnest in the late forties, there were many lone-
wolf prospectors and small mming ventures. It was the
“Gold Rush" all over again, except that jeeps and trucks
were used nstead of burros, and Geiger counters took the
place of siweve pans. Today uranium munmng 1s largely dune
on an industrial scale and 15 closely integrated with milling
operations. And the AEC now buys uranwum in concentrated
form from uramum mills rather than “inbulk " from miners.

Milling

The job of the uramum mll 1s to get the uramum out of
the ore. The ore 1s first pulverized and 1s then contacted
with a revagent which dissolves the uramum, a step known
as leaching. The dissolved uramum is recevered from the
“Jeach liquor™ by sulvent extractiont orion exchangef tech-
niques and 1S calcined (roasted) to remove excess water,
The product 1S a crude uranium concentrate, known in the
wdustry as “yellow cake,” which usually assays between
70 and 90(1 U303.

At this writing more than twenty uranium mills are in
operation. They are all privately owned and represent an m-
vestment of about $140 rnllion. If run at full capacity, they
coula preduce in excess of 20,000 tons of U;Og per year.
Actual production praked recently at approximately 17,000
tons per year, which was supplied to the AE” under indi-
vidually negotiated purchase contracts. AEC purchasesdur-
mg the period 1963-1970 are expected to average just
under 10,000 tons per year, reflecting a cutback i AEC’s
annual requirements and a “stretch-out™ of procurement
commutiments.

*In cooperation with the UL 8. Geological Survey,

+A chemical separation techmgue basedon praterantial solubility
i one of two immgcible hguids,

1A chemical separation technigque based on preferential absorp-
tion ol solute 1onsg on insoluble resins,
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Refining

For use as reactor fuel, uramum must be refined to
purity standards more characteristic of the pharmaceut:-
cals 1ndustry than of normal chemical manufacture. The
reason 1s that impurities are ‘“excess baggage” mn a nu-
clear reactor since they absorb neutrons unproductively and
therebv detract from the efficiency of the system,

The principal uranium refinery now in operation 1in the
Umted States is a Government-owned plant located near
St. Lous, Missouri. Here the crude concentrates fromura-
mum mlls are purified by solvent extraction and then cal-
cmed to form essentially pure uranwum trioxide (UO3), a
fine powder of brill:ant orange hue which has come to be
known as ‘“orange oxide.” Interestingly, long before the
atomic age was born, this same material was produced for
use as a coloring agent 1n chinaware.

Orange oxide from the Missour: refinery is first chemi-
cally converted by hydrogenation to uramum dioxide tuo,),
winch 1s then converted to uramum tetrafluoride (UFy),
called “green salt,” bv reaction with hydrogen fluorwde gas.

>
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Uranuon metal rednction ‘bomb’’,
red hot, m ronace rmmedately
alter rormy The bomb. charged
with @ munture o1 green sait (UFy)
and magnesuon, is heated wntl
tne charge wnites spontancously,
The metal then tlouns to the bot-
tom where it solidifies.

&l

The green salt 15 shipped to Paducah, Kentucky, site of one
of three large uranium enrichment plants (see page 14)
where it is reacted with fluorine gas (F,) to convert it to
uramum hexafluoride (UFg), a volatile compound of uranium
used in the enrichment process.

Uranmum refining operations are also conducted under an
AEC contract at a privately owned plant in southern Illinois.
Here mll concentrate 1s converted directly to uranium
hexafluoride and then purified by a distillation process.

Enrichment

We come now to uramum enrichment, which is pexhaps
the most interesting and certawnly the most difficult step in
the chain of uramum production, It 1s also a key step from
an economc standpomnt, and we will therefore discuss it in
some detail.

In uramum enrichment a partial separation cf the ura-
mum 1sotopes 1s accomplished, resulting n a product called
enriched uramum which has a higher-than-normal concen-
tration of uranum-235, and a waste called depleted ura-
mum whiclk. has a lower-than-normal contentration of that

£
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isotope, Why 15 .ms difficult to do? The reason 1s that the
1sotopes of aa el ment are chemical twins* and cannot be
separated by orchi..ry chemical methods. The methods used
must instead be vased on differences in mass or mass-
dependent properties. In the case of uranium, the mass dif-
ference 1s proportionately small (235 vs. 238) and hence
rather elegant techniques are required.

The techmque used in the United States is “gaseous dif-
fusion,”f As was mentioned before, uranwum 1s processea
in the form of uramwum hexafluoride, which is a sohd at
room temperature but sublimes to a gas at a shghtly ele-
vated temperature. The gaseous diffusion process could be
likened t> filtration except for the fact that, instead of de-
pending upon gross differences in the physical size of sohd
particles, it depends on slight differences in the mobility of
gas molecules.

The molecules of a gas are constantly in motion and dart
about in random cdirections. There 1s an old law of physics
which says that, on the average, all molecules of a gas
mixture have the same kinetic energy, which 1s defined
mathematically 1n terms of the mass of the molecule times
the square of its velocity (12mv2). Thus the lighter mole-
cules of a gas mixture travel at faster speed than the heav-
rer molecules. If advantage 1s taken of this fact to separate
the components of a gas mixture, 1t follows that the degree
of separation which can be accomplished in asingle “stage”
15 a function of the square root of the ratio of the masses
oF the component molecules. In the case of a mixture of
“F¢ and UPF, the basic “separation factor™ works out
to be a very small number —1.0043. This means that many
stages are required to accomplish any significant degree of
separation of the uranium isotopes.

Tymcally a gaseous chffusion plant consists of hundreds
of stages of equipment connected 1n serles mn what 1s known

* The word “1sotope” comes trom the Greek “isolopos,”” mean-
g “‘same place,” and dertves trom the fact that the 1sotopes of
4nclement occupy the same place i the Periodic Table of the
Chemical Flements

FAdditiona] technigue s were developed durmg the wartime Man-
hattan Project hut gascous dittusion has been tound to be the most

. practical and has been used tor all pestwar production
LS
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as a diffusion “cascade.” The principle of operation 1s 11-
lustrated 1n the diagram on page 12. Let's consider what
takes place i a single stage.

The heart of the equpment of a diffusionstage 1s a cham-
ber divided by a thin and finely porous *“barrier™ into two
zones, one maintained at a lower pressure than the other.
The gas nnxture enters the higher pressure zone. Condi-
tions are so adjusted that half of it diffuses through tre
porous barrier into the lower pressure zone and, on leaving
the chamber, is directed to the next stage “up” the cascade.
The other half flows past the barrier and, on leaviag the
chamber, is directed to the next stage “down” the cascade.
If the two exiting gas streams were analyzed, the one that
diffused thruugh the barrier would be found to have been
very siightly enriched in the uramum-235 isotope, and,
conversely, the one that passed by the barrier would be
found to have been very shghtly depleted i that 1sotope.
Why? Because the U?¥Fg molecules, being faster than the
UmF’6 molecules, tend to strike the barrier more frequently
and hence have a better statistical chance of finding their
way 1nto the lower pressure zone.

The starting gas nmuxture 1s fed to the cascade at an in-
termediate point. As gas works 1ts way up the cascade 1t
becomes progressively enriched. The product can be with-
drawn at any stage above the feed pownt, depending on the
degree of enrichment desired, and 1s shipped out 1n pres-
surized cylinders. Depleted uramum 1s withdrawn from the
base of the cascade and stored.

In addition to the diffusion chambers, the equipment of a
diffusion cascade includes pumps to circulate the gas,
coolers to remove the heat of pumping, and instruments to
control the flow and monitor the operation. The process 1s
carried out at less than atmospheric pressure,* and there-
fore the entire equipment complex, which if laid out i a

*This has the ctfeet of increasing the “mean free path™ of the
gas moleeules —i.e | the distance they travel between collisions
Por cthicient scparation, this distance should be as large as possi-
ble relative to the size of the barrwer pores  If it were too small
the gas molecules would simply stream through the barrier pores
en masse and no scparation would be achieved.

ERIC ,_ i
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strawght hine would streteh several miles, must be essen-
trallv vacuumtight,

The three U, S. gascous diffusion plants are located at
Qak Rudge, Tennessee; Paducah, Kentucky; and Portsmouth,
Ohro. They are Goverument owned but operated by private
contractors, They are of remarkable size, representing a
total mvestment of some $2.4 billion. In 1964 they con-
sumed about 45 billton kilowatt-hours of electricity for
driving the gas crreulating pumps, ete. This was about 4,
of the total amount of clectrie power generated m the United
States.

FABRICATION OF REACTOR FUEL ELEMENTS

As was brought vut carhier, the uramum production cham
just de seribed now serves defense requirements primartly.
From this poiwnt forward we will be talking about operations
conducted exclustvely i support of the civihian atomie




ANscmdbding iuel vlewments w the core of a reactor

power mdustry. The dimensions of our discussion will
therefore be different, for, mnstead of dealing withan annual
volume of thousands of tons of raw material, we will now
be dealing with an annual volume currently measured in
hundreds of tons of raw material.

Chemical Conversion

Before reactor fuel elements can be fabricated, the ura-
mum must be chemically converted from the hexafluoride
form to the form in which 1t 1s to be used in the intended
reactor application,

The choice of fuel material for a power reactor depends
on several fartors. Usually the governing considerations
are (1) the ability of the matertal to withstand the damaging
effects of 1rradiation* and thereby permit lugh fuel burnup,
(2) the chenucal and nuclear properties of the material, and
(3) ease of fabrication. Uranium dioxide (UO,) 1s the mate-
rial i most common use today, being the standard fuel for

*Swelling, embrittiement, or other physical distortion leading
ultimately to mechameal tatlure
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reactors of the pressurized and boiling water types. Other
ceramic materials, notably uramum carbide, are being de-
veloped for use 1n higher temperature systems such as
socdum ~-graphite and gas-cooled reactors.

The conversion step 1s a farirly straightforward chemical
operation. For example, uramum choxide 18 producedby re-
acting uramum hexafluoride first with water and then with
an hydroxide salt. A precipitate results which 1s calcined
to form orange oxide, and this in turn is reduced with hy-
drogen to form uramum dioxide powder.

Several chemical companies furnish conversion services
to the civilian atomic power ndustry on a routine commer-
cial basis under an AEC license arrangement.

Fabrication

It would be wonderful if atomic fuel couid be fed to a re-
actor much the way coal 1s fed to a furnace. Something
approaching this Jdegree of simplicity may someday be
achieved. At present, however, atomic fuel 1s fabricated
into fairly precise shapes, which are fitted together in sub-
assemblies (fuel elements). These in turn are arranged .n
a carefully designed pattern to make up the “core” of a
power reactor.

There are at least two reasons for taking these pans.
First, the “geometry” of the fuel 1s important from a reac-
tor physics standpoint; 1n other words, a fixed spatial dis-
tribution of fuel within the rcactor core is required for the
system to function properly. Second, because eroriaous
quantities of heat are generated within a very small velume,
it 1S essential to maintain proper channels for coolant flow
through the core. The following comparison helps to bring
this latter point into clearer focus:

POWER DENSITY*

Modern coal-tired boiler 10

Power reactor of the pressurized
water type 2300

*Kilowatts of heat generated per cubic foot of equipment volume.




Another important consideration 1s the 1.ced for “clad-~
ding” the fuel, which means enclosing the fuel material 1n a
thin protective sheath, Cladding serves several purposes.
't protects the fuel material from corrosion or erosion by
the reactor coolant; 1t locks in the radioactive fission prod-
ucts which are formed as fuel atoms undergo fission; and,
I many fuel element designs, 1t serves a structural func-
tion. Cladding introduces certain complications into the de-
sign and fabrication of fuel elements. For example, extreme
care must be taken to ensure good thermal conductivity
theat transfer) between the fuel material and the cladding;
otherwise “hot spots” which could develop 1n the fuel might
cause the cladding to crack or even melt.

Let us now follow the steps in fabricating fuel elements
for a pressurized or boiling water reactor. First, small
cvhindrical pellets are compacted from uramwum dioxide
powder and mspected for size. Off-specification pellets are
either rejected as scrap or are machined to proper size.
The pellets are then loaded 1nto thin-walled cladding tubes,
made erther of stainless steel or an alloy of zircomum. An
mert gas {(helium) 1s then ntrocduced nto the tubes (for
thermal *‘boncing”), and the tubes ars end-capped. A num-
ber of tubes are then clustered by meansof spacer devices,
and the resulting tube bundle 1s placed ina long rectangular
steel or Zircaloy euclosure equipped with end fittings to
permit coolant to enter and leave the assembly. This then
constitutes a fuel element.

Hundreds of such fuel elements held in position by grid
plates 1n the reactor vessel constitute the reactor core.
Careful quality and cleanliness controls exercised through-
out the fabrication sequence, and the finished fuel elements
are carefully inspected—all 1n an effort to avoid costly
fallures durmg reactor operation.

The fabrication of fuel elements 1s presently the largest
single factor in the cost of atomic fuel (see later discus-
sion). Intensive efforts are being made to reduce the ex-
pense of fabrication. For example, 1n the case of the oxide
fuel elements just described, techmques are being devel-
oped to permut loadmng the fuel powder directly into the
cladding tubes and compacting 1t in place, which would
eliminate the pelletizing step. Significant gains have been

O
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made 10 reecent years by achieving lngher fuel burnups
(Le., longer exposure i the reactor), thereby spreading
the cost of fabrigation over a larger amount of power out-
put. Significant gamns can be expected m future years as the
growth of the atomie power market permits fuel fabrica-
tion to be carried on a mass production basis.

Fuel elemnents used 1n the civilian atomice power industry
are fabricatea at present by the larger reactor manufac-
turers, who customarily supply at least the imtial core
loading for the systems they design. Several additional
companies have been hicensed to fabricate fuel elements
for other reactor markets and represent potential fuel ele-
ment supphers for the civilian power market.

PROCESSING OF SPENT FUEL
Why Reprocessing Is Needed

Two factors detesmmne the amount of fuel burnup that can
be achieved 1 a power reactor, The first, mentioned ear-
her, 1s rachation damage to the fuel materal, one caase of
which 1s the bombardment the maternal recerwves from fis-
sion fragments. The result 1s physical distortion of the
fucl, leading m time to farlure of the cladding and radioac-
tive contamination of the reactor coolant. The second .actol
18 that fission products lower the “reactivity” of the fuel by
soaking up neutrons. An exeessive accumulation of these
“nuclear ashes™ would make 1t 1mpossible to keepthe reac-
or running,*

Because of these cffects — and either may be the linating
factor - —the fuel must be replaced when only partially con-
sumed. In fact, 1n most of the reactors being used today for
civiltan power generation, the fuel must be replaced when
only 1 or 2'. of the fuel atoms have been used up.

Even with this linnted amount of fuel burnup, the cores n
question have a uscful hfe of three or four years. In some
caseS only a third or a fourth of the core 1s replaced at a
time so that refueling 18 customarily done at approximately
yearly intervals,

'Conmnwuon-ol tucl, of cotr sy also acts W fower the reactivaty
ot the system
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FUEL FLOW

Approximate annual flow of fuel material in the operation
of a 300 G0O-kilowatt atomic power plant of the boiting
water type {(equilibrium conditions)

Uraniym

Key Content (Tons) % U-235 tbs U235 tbs Plytonium
® 50* 07+* 700 —

® 496 02 200 --

©) 20%** 20 800 ** —

® i96 08 300 250
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® 195 08 300 -

“Corresponds to about 25,000 tons of uranium ore
**Natural concentration of U 235 isotope in the uranium element
** Corresponds to one-fourth cf reactor core

ERIC

T 20 o

®©

STEPS IN THE SUPPLY OF ATOMIC FUEL

ENRICHMENT

®

OEPLETED
YRANIUM
10 STORACH

utcovtn( D uRANIUM

ENRICHED
URANIUM

»

®

CONVERSION

ENRICHED
URANIUM
N FUEL FORM

&@

BYPRODUCT
PLUTONIUM
10 STORAGE

i

®

OF

RADIOACTIVE
WASTE STORAGE

+| F1SS10N PRODUCTS

(RADICACTIVE)

FABRICATI(



S IN

KA
ONCES
TRATE

RESINIO
URANIUM

THE SUPPLY OF ATOMIC FUEL

w

atenal in the operation
er plant of the boiling
S)

Lbs V235 Lbs Plutontum
700 -
200
800- .
300 250
250
300

f uranium  re
€ 1 The LIan 1 eremesnt

(e

ERIC

Aruitoxt provided by Eic:

@

-'.R.'

[NRICHS,
RAP 4+
v _U_’

i {1

ENRICHED
URANIUM

IN FUEL $CRM REACTOR FUEL [LEMENTS

CONVERSION

ENRICHMENT
OEPLED
URANIUM
10 STORACE
8YPRODUCT
PLUTONIUM
10 STouaCt

RECQVERED umANIUM

i

®

LA

FABRICATION

SPENT Fuft ELEMENTS
(RADIOACTIVE)

®

RADIOACTIVE
WASTE STORAGE

&1 FISSION PROOUCIS
(RAOLOACTIVE)

®

1 REPROCESSING

SAmmannannn OENOTES INTENSELY RADIDACTIVE MATERIAL

21




Q

ERIC

Aruitoxt provided by Eic:

As mentioned earlier, another thing that happens as fuel
15 1rradiated 1s that some fertile uramum-23é atoms are
converted to fissionable plutonium-239 atoms. Part of this
plutommum undergoes fission 1n place, thereby contributing
to the heat output of the reactor. The rest of 1t remains 1n-
tact and thus represents a potential reactor byproduct.

And so there are two excellent reasons for not relegating
spent fuel to the scrap heap. One 1S the obvious desirability
of reclaimng the unused uranium, and the other 1s the plu-
tonium content.

How Reprocessing Is Done

When removed from a power reactor, spent fuel elements
are intensely radioactive due to their fission product con-
tent. To allow time for some of the radioactivity to die
down, they are stored under water for several months, 2
step known as “decay cooling.” Then they are loaded into
heavily shielded transfer casks and shipped to a fuel re-
processing plant.

The processing of spent fuel involves a serics of opera-
tions, most of which are conducted by remote control in
equipment installed behind massive concrete shielding walls,

.

et

" a3
o el .

w

Operating corndor of fuel reprocessig jactlity at the Nalional Reactor
Testing Station m Idaho.
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In one method a mechamical tool 1s first used to cut away
as much of the fuel structure Supports aspossible. The fuel
material and residual cladding are then dissolved in acid,
and the resulting solution 1s put through a series of chenu-
cal separations accomplished by a solvent extraction proc-
esS. In the first extraction cycle, most of the fission prod-
ucts are removed. In the second cycle the uramwum is
separated from the plutonium. In Subsequent cycles re-
sidual fission products are removed from the uramum and
plutonium.

The decontammated uramum and plutonium leave the
plant as concentrated solutions which are readily converti-
ble to other forms. For example, the uranium solution may
be converted to the hexafluoride form and recyvcled through
the enrichment process t5 resiore 1ts uramum-2335 concen-
tration to the preirradiation level;* or it may be converted
to uramum doxide and blended with material of higher
uramum-235 content.

The foregomng description of reprocessing operations 1s
somewhat hypothetical in that, while similar operations have
long been conducted 1 connection with the production of plu-
tontum for defense purposes, facilities designed to handle
fuel elements of the type used m civilian power reactors
are not vet n service. The reason is that the volume of
civilian fuel reprocessing business 1s just beg innming to de-
velop to the point where 1t will Support a commercial re-
processing plant. The first such plant 1s now bemng built at
a Site near Buffalo, New York, and 18 scheduled to be
service in 1966. Related radioactive waste storage facili-
ties are bemng provided by the New York State Atomic Re-
search and Development Authority.

Pending the avatlabiity of commercial reprocessing
services, the U. S. Atomic Energy Commssion has estab-
lished an interim schedule of reprocessing prices based on
cost estimates,

Radioactive Waste Storage
Something hike 99,99, " of the radioactive waste matter
formed durmng the operation of an atonne power plant 1s

*During tuel eevinion uramum 233 Is O cour<c consumed
See digram on page 20,

- »




L

normally confined within the fuel elements by the fuel clad-
ding and remans confined unt1l spent fuel 15 dissolved ur-
ing reprocessig. Most of it then enters the fuel solution
and 15 removed by the extraction sequence described above.
The intensely radioactive waste solutions from the extrac-
tion process are collected and boiled down to reduce thewr
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. volume. Present practice 1s to store the resulting hquid
concentrate 1 large underground steel tanks. The tanks
and their environs are routmely momtored to ensure that
no leakage occurs.

This method of radioactive waste storage has been used
on a large scale i connection with plutomum production
operations for nearly twenty years and has been found to be

Q rehable. It 1s an acceptable way of handiing wastes from
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civilian power operations in that the expense nvolved
amounts to a very small fraction (2 or 3'() of the total cost
of atomic power generation. But 1t is cumbersome. Some
constituents of the wastes take hundreds of years to decay
to the point where they can be safely released to the en-
vironment; thus there is a problem of “perpetual” tank
maintenance,

Several alternative approaches are bewng studied mn an
effort to develop maintenance-free methods of storing ra-
dioactive wastes. These methods vary according to the de-
gree of radioactivity in the wastes. Naturally, the greatest
concern is with the highly radioactive wastes. For these,
the techniques receiving the most attention involve calcina-
tion and or incorporation in clays and ceramic mixtures so
that the waste forms a solid or a glasshike material which
can be safely stored in underground vaults without danger
of leakage. A further possibility being given preliminary
consideration is pumping the wastes into deep underground
formations which arc geologically cut off from ground-
water sources.

To place this subject i proper perspective, 1t should be
added that 1t will probably be two or three decades before
the cumulative volume of radioactive wastes from atomic
power generation equals the existing volume of wastes 1n
storage at U. S. plutonium production plants.

It should also be mentioned that progress 1s being made
1n developing constructive uses for the longer lived con-
stituents of racdiwactive wastes. While finding useful things
to do with some of the waste matter will not elinunate the
storage problem, since even the material used will 1 time
turn up agam as waste, continued progress along this line
could well affect the pattern of racdioactive waste handling,

THE COST OF ATOMIC FUEL

Atomic Fuel vs. Fossil Fuel Costs

You may well have gotten the impression by now that
atomic fuel must be a costly commodity to produce. And in
a dollars-per-pound sense it 15 expensive, Following are
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representative figures for the value of fuel at different
stages m the fuel supply chain:

APPROXIMATE
FORM VALUE*

Raw concentrate from

uranium mills $9
Slightly enriched ura-

nium hexafluoride

(3% uranium-235)

from gaseous diffu-

sion $115
Fabricated fuel element

(peilet-in-tube type) $185

*Dollars per pound of contained uranjium.

One hundred and sixty-five dollars per pound corresponds
to about $£11 per troy ounce, which1s mne tinies the cur-
rent value of silver and nearly one-third that of gold!

But, when you take into account the large amount of en-
ergy that 1s produced from a pound of atomic fuel, the ad-
jective “expeunsive” no longer applies. In fact, atomic fuel
custs less today than coal or oil in mmportant areas of the
country; and, as the technology of atonne power advances,
1t should 1 time compare favorably with the cheapest fussil
fuel available anywhere.

Let’s take an example. In New England, where coal and
o1l have to be shipped in from conswderable distances, the
fuel portion of the cost of power generationn large modern
plauts 1s typrcally about 3 to 3'2 mlls per kilowatt-hour.*
The projected fuel cost of comparable atome power plants
of 1964 design, { based on firm nuotations fromreactor sup-

*Ten omills equal one cent.
FPlants that can be orderved todas. hes would presumably start
operation in 1968 or 1969.
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pliers, 1s 1n the neighborhood of 2 mills per kilowatt-hour,
It should be quickly added that the lower fuel cost 1s offsel
by the fact that atomic power plants have higher capital
costs and hence must bear higher fixed charges. The net
result 1s that the economics of atormec vs. conventiona)
power generation are presently at about a standoff 1n New
England and other areas presently dependent on relatively
high cost fossil fuel,

Approximate Breakdown of Atomic Fuel Costs

Having followed the odyssey of atomic fuel in the pre-
ceding pages, vou may be interested to know how the costs
of atomic fuel break down. The chart on page 28 shows a
rough analvsis.* Note that the cost of fuel element fabrica-
tion 1s the largest item, Next 1s the "net fuel burnup™ cost,
which 1s 1n effect the value of the fuel consumed less a
credit for byproduct plutomum produced, Next comes the
cost of spent fuel processing, which includes the expense of
radioactive waste storage. The final item, the "use charge,”
1s 1n effect a carryirg charge on the value of fuel held in
inventory.

*Based on tuel tor a boilmg water reactor of 1963 design.
O
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Breakdown of Atomic Fuel Costs
{(Approximate)
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In the latter connection, at this writing the basic fuel
materials used in atomic power plants are owned by the
Government and the use charge 1s determinedby the Atomic
Energy Commission. In August 1964 the U. S. Congress en-
acted new legislation providing for private ownership of
these materials, On a private ownership basis, which under
the new law becomes mandatory by 1973, the atomic power
mdustry will bear higher mventory carrying charges; thus,
this 1tem can be expected to count 1n the future for more
than 10' of the total fuel cost. The new law will bring other
changes affecting atomic fuel costs, some of a compen-
sating nature.

ATOMIC FUEL AS AN ENERGY RESOURCE

U. S. Energy Trends

The United States thrives on energy. It takes vast quanti-
ties of heat, electricity, and motive power to satisfy our
needs. One indication of this 1s that we use twice as much
electricity per capita as 1s used m England, three and one-

28



half times as much 4515 used 1 the Soviet Umon, and fafty
tintes as much as 1s used i Communist China.

The national energy niarket has been growing at a re-
niarkable rate and no letup 1s n sight. A report 1ssued 1n
1962 under Senate auspices by a National Fuels and Energy
study Group predicts that by 1980 our energy needs will be
double what they are tudav. If that proves true, we will use
as much energy of all kinds in the next two decades as we
have used n our previous history dating back to the Amer-
ican Revolution! And according to many econonists the de-
mand may well double agamn by the end of this century
before settling into a more gradual growth pattern.

Only a small fraction (about 4'() of the energy used 1 the
Umted States comes frum water power;the rest cones from
the burmmg of fuel. (See figure on page 30.) Up unt1l now the
three fossil fuels—coal, o1l, and natural gas— have been
carrving virtually all the load. But with atomic power now
beconing an economie reality, atomne fuels are begimmng
to be a factor in the energy marketplace. This develop-
ment has both short-range and long-range significance as
we will now see,

Fossil Fuel Reserves

When estimates of U. S. reserves of fossil fuel are ex-
annned m the light of the present pattern and projected
growth of the national energy demand, two pomts stand out.
First, our present pattern of fossil fuel consumption 1s de-
cidedly out of balance (see chart on page 31) with our re-
sources. Coal, winch 1s estimated to account for more than
three-quarters of our recoverable fossil-fuel reserves, to-
day fills less than one-quarter of the energy demand. Con-
versely, ml and natural gas, which are estimated to account
for less than onc-quarter of the recuverable reserves, today
fill more than three-quarters of the demand. We are thus
depleting our stocks of oil and gas at a much higher rate
than our stocks of coal. To be sure, when necessary we can
make synthetic o1l and gas from coal, but not without -
creasing energy costs.

Unfortunately, 1acreased use of atomic energy will not
(im-rect this 1mbalance mn our present use of fossil fuel.
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Energy Patterns Today’
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28
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*Source. U. S, Departmen. of the Interor, 1963.



Imbalance in Our Current Use of Fossil Fuels

NATURAL
GAS
3'0

oL &
OiL SHALE

NATURAL
GAS
29%

RECOVERABLE CURRENT PATTERN OF
ENERGY RESERV(S ENERGY CONSUMPTION

Source  Enorgy Resow ces Report or the National Acadomy of S¢renc 5, 1962

The reason 18 that atonue fuel 1s hikely to be used chiefly
1 electric power generation, and in this field coal now
supplies more energy than o1l and gas combned. However,
to the extent that electric utilities elect to use atomic fuel
mstead of burning o1l and gas, atomic energy will help
postpone the depletiun of these valuable resources.

The second pomt that stands out 1s that while we face no
early fossil-fuel shortage, our reserves of these fuels are
not to be classed as mexhaustible. The report of the Na-
tional Fuels and Study group estimates that, at today’s rate
of fuel consumption, our total recoverable reserves of fos-
s1l fuel (coval, 011, and gas combmed) would last some 800
yvears. But when projected mcreases i the rate of con-
sumption are taken into account, the estimate of 800 years
shrinks to 200 years or less. And, if low grade sources
such as higmte and oil shale are left out of the calculation,
the estimate shrinks to 100 years or less. These numbers
are by no means to be taken as defuntive, since at present
we can only roughly mnfer the extent of our fossil-fuel re-
serves and swce there 1S also much uncertamty m pro-
Jecting future energy demand; but they do roughly mdicate
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the situation thai might exist if fossil fuel were our only
fuel. Let us nuw see how atomuc energy changes the outlook.

Atomic Fuel Reserves

In the next five to ten years, the way atomic fuel will
make 1ts contribuhion to the energy economy of the United
States will be 1 helping to stabhlize and, or reduce the cost
of electric power generation m areas where the delivered
price of fossil fuel 1s ligh. In a relatively few locations
durmg this period, atomic power plants may actually pro-
duce lower piiced power than would have been possible
with conventional plants. But for the most part atomic en-
ergy will have 1ts effect through the 1mpact its emergence
as a competitive means of power generation is certam to
hdave on the price structure of fossil fuel. There are some
signs of this already. Alsu, 1t will act as a further stimulus
for mmprovements in existing methods of trausporting fos-
sil fuel, notably coal.

If we turn to the long-range sigmficance of atommic power,
the f.r st question that arises 1s: howlarge are our reserves
of atomic fuel? The answer 1s that they are very large in-
deed. Based on data recently published by the U. S. Atomce
Energy Commission,* our reserves of uramum potentially
represent ten to fifty times or more the energy equivalent
of vur reserves of fossil fuel.t And we have additional re-
serves of atomic fuel 1n the form of thorium.

In the hight of the foregoing, atomic fuel comes nto sharp
focus as au indispensable long-range energy resource. But,
f we are to reahize anything lhike the full potential of this
resource, we must learn how to use this fuel much more
efficiently than we du at the present time. This brings us
to a subject mentioned early i these pages—mnamely,
atommce fuel utihization. It will be our final topic.

sCrctlian Nacle @y Powey —A Roport to the Presedent = 1902, ULS,
Atomie Energy Commission,

tLatimate derned trom the ALC data using ligures gnen for
AU resCrves recwv et able fromore at costs up to tvehe times
present levels. here are ahnost unhimited reserves of uranum
m lower grade deposits,
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A Way of Looking
at Our Fuels
Situation

Sahe

FOSSIL FUEL ATOMIC FUEL

ATOMIC FUEL UTILIZATION

Converter Reactors

Today’s atomic power plants are known as “converters,”
meaning that they operate with a net lossof fissionable ma-
terial. You nught well ask if this 1sn’t mevitable, and fortu-
nately 1t 1s not. For, if you recall our earlier discussion of
fissionable and fertile materials, you will remember that
fissionable atoms are formed as well as consumed 1 a nu-
clear reactor. In reactors of the type most commonly used
for civilian power generation tuday, something like si1x
afoms of new fissionable material are formed for every ten
atoms of onigmal fissionable material consumed. This 1S
referred to as a “conversion ratio” of 0.6.

Now 1t so0 happens that every tume a fuel atom undergues
fission an average of between two and three neutrons is
released. Only one of these 1S needed to keep the fission
chan reaction gomg, su, m primnciple at least, between one
and two neutrons are available to convert fertile atoms
present in the fuel into fissionable atoms. In practice, how-
ever, some neutrons are mevitably lost by capture in other
reactor materials.* In today’s power reactors a lot of neu-
trons are lost in tins fashion; hence their generaily low
vield of new fissionable material.

*Fission products, control maternal, struetural materials, ete.
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If we were to continue indefintely to use converter re-
actors fur power generation, we would runvutof fissionable
material long befure we would run out of fertile material,
and vnce that happened the very large eunergy potential of
the latter would be forever lost.

Another source of mefficiency n our current pattern of
atomie fuel utilization 1s that most of our present reactors
pruduce steam with temperatures and pressures which ¢
tou low for efficient conversion of the heat to electricrty,
This means we dare producing less useful power per iram
of fuel consumed than we would at lngher operating tem-
peratures; or, to put 1t the other way uround, we ar< con-
suming mure fuel per unit of power output thau 1s necesszary.

Breeder Reactors

If neutron losses 1 & nuclear reactor are Kept to a mini-
muni, 1t 1S possible tu operate with a net gain of fissionable
material -—1.e., to achieve a conversion ratio i excess of
1.0.* The term for this 1s “breeding.”

Breeding was successfully (albeit marginally) demon-
strated as long as eleven years ago i a small reactor ex-
periment, and by 1963 two experimental power reactors
designed to perform as breeders are about to be placed
in operation. But the development problems still to be
solved are extremely difficult, and 1t 18 expected that it
will be 1980 or thereabouts before large-scale puwer-
breeder reactors begin to be used on any scdale i civilian
power generation.

There are two basic breeder “fuel cycles™:f

FISSIONAL LE FISSIONABLE
MATERIAL FERTILE MATERIAL
FED MATERIAL FORMED

1, Plutonium-239 Uranjum-238 Plutonium-239
2, Uranium-233 Thorium Uranium~-233

*Technically a4 comersion rativ in exeess of 1,0 1s called o
“breeding ratio,”’

f1t 15 alsu pussible tooperate hreediug “chains’ using uranims=
233 i combination with a fertile material, but these are not as ef-
ficient,
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In erther case. the maximum breeding gam that can be
achieved mn a practical systemin 4 stgle cyvele of everation
1S very small. A term usec wi this counection 18 *doubling
time,” which 18 the time 1t takes for 4 breeder reactor to
double 1ts origmal mventory of fissionable materal —1.e.,
to vield as much net fissiunable product as the amount
contaimmed 1 1ts fuel core plus that tied up m fabrication,
reprocessing, ete. Doublmg timies for power breeders are
expected to be of the vrder of fifteen or twenty years and
-1ence will entail many successive cyeles of reactor opera-
tion.

The Logistics of Atomic Fuel Utilization

For some deecades U. S. electrieal generatmg capacity
has been doubimg at approximately ten-year itervals.
Atonue power 1s only begimmng to compete 1 this large
growth market and, since the present amount of atomic gen-
erating capacity 1s comparatively small,* its relative rate
of growth should be very rapid i the years immediately
ahead, (For example, utility companies recently placed or-
ders for four large atomic power plants whose combmea
capacity exceeded the aggregate capacity of all atomic plants
m operation or under construction at the time,)

Clearly then, even if power Lireeders were available to-
day, they would be unable to generate fissionable materal
at a fast enough rate to supply the fuel mventuries required
for new atomie power plants comung on the lme. In fact, as
long as the duchling tnlcrial of atomie power generating
capacity 1s shorter than the duwhlingy time of power breed-
ers, we will need to operate cunverter reactors in combi-
hation with breeder reactors m an mtegrated network. In
such a network the fissionable naterial produced by the
converters would be used to help fill the mventory needs of
nev: breeders.

Operating converters on a large scale for an mdefinite
period would place a stram onh our atonice fuel resources.
It 1s impnssible to predict how long the above-described
Situation nught last, but even the more up. unstic studies

“Amounting to less than 17 of the total UL S, cleetrical gener-
AUng capacity,
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The Dyosdon Naclcar Powey Station, the nateon’s terst 1 ll=scalc,
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mdicate a continued need for couverters for at least thirty
vears. On this basis, aud even though mthirty years atonue
powel 1s expected to be carrymg about half the country’s
electitcal power burden,” our reserves of atomc fuel ap-
pear adequate to meet requirements.

Once we recach the stage where 1n the aggregate we pro-
duce mor  fissionible material than we consume there will
be no danceyr of depletig our fissionable assets; moroover,
the ccotonies of fuel utithization would then be such that we
could affuid to work very low-grade deposits of uramum
and thoram. But until that pont 18 reached, carcful fucl
management will be needed.

*ace page b, Cadian Nuclear Powey X Report to the Prose-
dent 1962, 1,50 Momic Fnergy Commission,
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The Strategy of Power Reactor Development

The considerations mentioned have led to general agree-
ment oun the importance of the following parallel lines of
power reactor development:

1. Development of improved converters (a) to achieve
higher conversion ratios, and (b) to achieve higher
power conversion efficiency.

2. Developnient of breeders.

Both lines uf levelopment are being activeiy pursued by the
U. S. Atomic Energy Commission and the atomic power
industry.

IN CONCLUSION

We have attempted in this booklet to bring out some of
thie problems involved in achieving efficient use of atomic
fuel as well as to show the promise uf this remarkable new
source of useful energy. It is hoped that you will want to
reai further into this interesting and complex subject. Tc
help you do this a list of sume useful references has been
appencded.

O
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SUGGESTED REFERENCES

Books

Cutlean N lear Power =Economic Issucs and Policy Formalion,
Philip Mullenbach, The Twentieth Century Fund, 41 East 70th
Street, New York, 1963, 406 pp., $8.50. A general treatise onthe
econvmic and policy factors imnvolved in atonuc power develop-
ment. Includes information on U. S. and world energy require-
ments, fuel resources, etc.

On Development Growth and State of the Atomnc Energy Industry,
Hewyiigs Botore the Jood Comenidlee on Momie Luc) gy, Con-
gress of the Uuited States, 88th Congress, 1st Session, available
from Superiutendent of Documents, U. S. Government Printing
Office, Washington 25,D. C., Feb. 20 and 21, 1963, 474 pp., $1.25.
Transcript of Congressional hearings on the U. S. atomac power
program. Contamns considerable discussion of the efficiency of
atonuc fuel utilization.

Nucleary Chomical Lnginecimg, Manson Benediet and Thomas H.
Pigford, McGraw-Hill Publismang Corp., New York, 1957, 594 pp.,
$11.50. An engineering text on the umt operations mnvolved n
atomic fuel processi.g and in the production of other reactor
materals.

Suwsc chook on Mo Lrar gy (2nd ed.), Samuel Glasstone, D. Van
Nostrand Co., Inc., Princeton, N. J., 1958, 641 pp., $4.40. A
basic text on atomic energy subjects.

The Momiee Lucy gy Deskbook, John F. Hogerton, Remnhold Pub-
hishung Corp., 430 Park Ave., New York, 1963, 673 pp., $11.00.
An atomuc energy dictionary-encyclopedia.

Reports

Ve sd Moacdc. a pamphlet on uramum mumng and nilling, available
from Union Carbwde Corp., 270 Park Ave., New York, 1962, 32
pp., free.

The Doniestic Uvaniam Raw Malorwals Indust v, a Status Report by
the Commnnttee on Mimng and Milling, Atomie Industrial Forum,
850 Third Ave., New York, 1962, 17 pp. $1.00.

Cutltan Nuclear Powces — N Repoit Lo the Proswdent 1962, U, S,
Atonne Energy Comnussiwon, available from AEC Division of
Techmeal Information Extension, Oak Ridge, Tenn., 67 pp. free.
This repotrt fucuses on energy consiwderations and develupment
needed to improve the efficiency of atonue fucl utilization.

Radioactie ¢ Waste Handling o the Nucloasr Power Industi v, a re-
port of the Techmcal Appraisal Task Force on Nuclear Power,
Edison Electric listitute, 750 Third Ave., New York, 1960, 90
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pp., $5.00. A general survey of problems and techmques, nclud-
mg a detailed description of procedures at several specific
atonmc power plants.

Articles

Oak Ridge Gives Industry a Umt Operation-Gaseous Diffusion,
John F. Hogerton, Chenucal & Metallw gical Engimeay v, pp.
98-101 (December 1945). A description of the original gaseous
diffusion plant at Oak Ridge.

A-Energy to Solve Fuel Problems, Chemical & Lugowering Neus,
pp. 25-26 (Jan. 28, 1963). A brief summary of information on
U. S. fossil-fuel reserves based on a report prepared for the
National Acadeniy of Sciences.

Motion Pictures

Available for loan without churge from the ALC Headquaiters Film
Library, Division of Public Information, U. S. Atomic Energy Com-
mission, Washington, D. C., and fiom other AEC film hhharies.

Fahywcation ol Kescwrdh Readtor Foudl Llcments, 20 minutes, colot
and sound, 1955, Produced by AEC’s Ouk Ridge National Labora-
tory. This technical filni describes the alloy and powder metal-
lurgy methods of tabricating tesearch reactor fuel elements.

Prod «tion o1 Usanvon Feed Mateswals, 28 minates, color and
sound, 1959, Produced by Continental Productions Corporation
for the Ouk Rudge Operations Office of the AEC. This semitech-
nreal Nilm describes the step-by-step processing of uramum—
from ore concentiates to metal reduction and fabrication— in
the feed matenials plants of the AEC at Fernald, Ghio, and Wel-
don Spring, Missouri.

Roeactor Fiuel Proccssing. 20 minates, color and sound, 1458, Pro-
duced by AEC’s Oak Rudge National Laboratory. This film, de-
scribing radiocheniteal processing of nrachated reactor fuels,
covers steps m chemical-separation and waste-disposdal opera-
tions at pilot-plant facilities.

EBR-U Il Cycle Derclopment. 9 minates, colol and sound, 1958,
Produced by AEC’s Atgonne Mational Laboratory. This film pre-
sents some mijor aspects of the development, mn progress, of a
completely 1integiated fuel cycle for Eaperimental Breeder
Reactor-1I und 1ncludes the remote handhing, 1eprocessing, 1e-
fabication, and reassembly of un EBR-II fuel element.

Fudcl Fabycation Factlity. 9 nanates, color and sound, 1959, Pro-
duced by ALC’s Argonne Natwonal Laboratory. This technieal

‘

Q 'modesceribes Argonne Nattonal Laboratory's tabrication proc-
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e~ dovelopments faboratorny for the manubacturc ol umque tuel
clements and test prece s contaaning plutomum,

Platortant ool Fabycatton toy MR, 11 nunutes; color and sound,
195>, Produced by the Hantord Atonne Products Opetation, Gen-
erual Fleetie Company, as contr actor tor the ATC at the Hanlovd
Woi ke, Rrchland, Washington. 7This techmeal il detal- the
Labrication of the plutonium which 1s used as the entire His-ion-
able luel charge dor the Materials Testng Reactor TR) at
A6 C'~ National Reactor ‘Testing station m ldaho.
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This booklet 15 one of the 'Understanding the Atom”
Series. Comments are wnvited on this booklet and others
in the series; please send them to the ivision of Techmeal
Information, U. S. Atomic Energy Commission, Washington,
D. C. 20545.

Pubhished as part of the AEC’s educational assistance
program, the series includes these titles:

Accelerators Nuclear Propulsion for Space

Ansmals in Atomic Research Nuclea» Reactors

Atomiic Fuel Nuclear Terms, A Brief Glossary

Alontic Pouer Safety . Our Aloymic World

Atoms al the Sciénce Fair Plowshare

Atoms i Agriculture Plutonium

Atoms, Nature, and Man Power from Radiotsolopes

Books on Atomic Energy for Adults Pouer Reactors in Small Packages
and Children Radioactive Wastes

Careers in Atomic Energy Radioisotopes and Life Processes

Computers Radso-sotopes m Industry

Controlled Nuclear Fusion Radiotsotopes in Medicine

Cryogenics, The Uncommon Cold Rare Larths

Direct Conversion of Energy Rescarch Reactors

Fallout From Nuclear Tests SNAP, Nuclear Spuce Reactors

Food Preservation by lrvadiation Sources of Nuclear Fuel

Genelic Effects of Radiation Space Radiation

index to the UAS Series Spectroscopy

lLasers Synthetic Transwransum Llements

Microstructure of Matter The Atom and the Ocean

Neutron Activation Analysis The Chemustry of the Noble Gases

Nondestructive Testing The Elusive Neutrino

Nuclear Clocks The First Reactor

Nuclear Energy for Desalting The Natural Radiation Envir omnent

Nuclear Pouer and Aerchant Shipping Whole lLiodv Counters

Nuclear Pouer Plants Your Body and Radiation

A single copyof any one booklet. o1 of no mote than thr ee
ditfer ent booklets, may be obtained free by writing to

USAEC. P. 0. BOX 62, 0AK RIDGE. TENNESSEE 37830

Complete sets of the series are available to school and
public hibrariuns, and to teachers who can make them
avallable for reference or for use by groups. Requests
should be made on school or hbrary letterheads and indi-
cate the proposed use.

Students and teachers who need other material on spe-
cifte aspects of nuclear science, o1 references to other
reading material, may also write to the Ouk Ridge address.
RRequests should state the topic of interest exactly, and the
use intended.

In all requests, include “Zip Code’ in return addr ves.,

Printed in the United States of America

USAEC Division of Technical Information Extension, Qak Ridge, Tennessee




